Formation constants (K eq ) have been measured using 1 H NMR for H-bond complexes with HMPA in CCl 4 of 35 aromatic compounds variously substituted with cyano, nitro, and trifluoromethyl groups; several compounds contained F and Cl. The three strongly polar groups enhance H-bonding significantly, usually in the order NO 2 > CN > CF 3 ; all are superior to Cl and F. 1,3,5-Trinitrobenzene fails to H-bond at all; however, TNT, its tert-butyl analog, and trinitro-m-xylene show significant K eq values. Coplanarity of nitro groups with the ring blocks approach of HMPA, probably via intramolecular H-bonds. The buttressing effect is evident in some crowded compounds.
Introduction
Hydrogen bonds involving C-H groups have proven to be not uncommon. Formation of a C-H H-bond is illustrated by Equation 1. Examples include the well known exothermic mixing of acetone with chloroform; the strong shift of the infrared C(sp)-H stretching band of alkynes in the presence of bases; and certain crystal structures, e.g. malononitrile-crown ether compounds, 1 and pyrrolylpyridine Pt(II) complexes. 2 Benzhydryltriphenylphosphonium ions form H-bonds with Cl -and Br -, but not with BF 4 -nor SbF 6 -. 3 Certain substituted trioxanes form trifurcated C-K eq /H, or K eq divided by the number of equivalent H's, is also shown, whenever two or more such H's are present. We assume, and in some cases have shown, 8 that at sufficiently low concentrations of both donor and HMPA the extent of complexing of the second proton is negligible. Table 1 shows the trifluoromethyl compounds studied (except 27 & 28; cf. Table 3 ), nitro compounds lacking other polar groups, and 2,4,6-tris-trifluoromethanesulfonyltoluene (12) . Table 2 shows all the cyano compounds; the dinitrobenzenes, 21-23, are included for ready comparison with the dicyanobenzenes, 16-18. Table 3 shows all the nitrohalobenzenes, 24-36, and the polyhalobenzenes, 37-42. HMPA appeared to react too rapidly with 25 and 27 to permit observation of their δ values. This is consistent with the report by Bunnett, et al., of the much greater rate of aromatic nucleophilic substitution of F than Cl. 11 DMF reacted much more slowly, and K eq values were readily measured for 25-28. K eq 's with DMF were 2 to 3 times smaller for 26 and 28 than with HMPA. 9 since log K and σ of CN and NO 2 are similar. 19 F nmr, then, affords good "ball park" values of K eq in some cases.
Use of 19 F NMR

1,3,5-Trinitrobenzene and steric effects
Surprisingly, K eq for 1,3,5-trinitrobenzene (4) could not be measured, because its signal did not move to lower field with added HMPA. Thus, δ a in CCl 4 was 9.343 ppm, but δ obs with [HMPA] = 0.1, 0.3, and 0.6 M was 9.307, 9.284, and 9.269, respectively. This is a solvent effect, independent of H-bonding. The entry for 4 in Table 1 thus shows K eq = 0. However, for its monomethyl derivative, TNT (5), K eq /H = 3.0; for the tert-butyl analog (6) K eq /H = 1.9, and for 2,4,6-trinitro-m-xylene (7), K eq /H = 3.3. Just as strikingly, the aromatic signal of 2,4,6-tristrifluoromethanesulfonyltoluene (12) moved to higher field, so K eq = 0 despite the presence of the methyl group. The same was found for the H's between two nitro groups in 3, 13, and 21, and between two CF 3 groups in 10, although not in 2. Thus K eq = 0 for these protons as well. Table  5 as the first 4 entries: in all of these, δ > 9.0 ppm, and reaches 9.34 ppm for compound 4. The results of a neutron diffraction study 12 of crystalline 4 support coplanarity: two slightly different structures were present, denoted A and B. Structure B was practically planar, with the nitro groups rotated very slightly out of plane, while A was significantly non-planar, with one nitro group far more out of plane than the other two. The authors also observe distortions in molecular complexes of 4 and attribute them to "packing strain." Thus it is likely that the structure of 4 in solution is nearly completely planar. The intramolecular H … O contacts in B average 2.42+0.01 Å, while four of those in A average 2.38+0.02 Å. These are significantly less than the sum of van der Waals radii, 2.60 Å, of O (1.40 Å) and H (1.20 Å). [13] [14] [15] This evidence strongly supports hypothesis (b), but does not rule out a role for hypothesis (a).
In substituted trinitrobenzenes, and other nitro compounds, however, ortho substituents force the nitro groups to rotate out of coplanarity with the ring. An X-ray diffraction study of TNT (5) again revealed the presence of two structures, denoted A and B. 16 The nitro groups were all rotated out of the ring plane, 4-nitro groups by 24˚ and 30˚, respectively, and 2-and 6-nitro groups by 43˚ -60˚. Both intramolecular H-bonding and repulsion of HMPA are expected to diminish or disappear, hence the sizable non-zero values of K eq /H for (5), (6) , and (7). Consistent with the intramolecular H-bonding hypothesis, as also shown in Table 5 , the δ values of all these protons are less than 9.0, except for (25) . It is interesting to compare compounds 22, 29, and 30. The H's between the nitro groups have K eq = 0, 5.0, and 6.3, respectively. The two chlorines of 29 and the two fluorines of 30 force the nitro groups out of coplanarity. This effect is probably smaller for the fluorines, but is compensated by the greater electron withdrawing character of the fluorines than of the chlorines. The H's meta to the nitro groups all give measurable K eq 's: that in 30 is the largest, while that in 29 is the smallest. The F's of 30 increase K relative to 22, while the chlorines of 29 may sterically hinder approach of HMPA.
A third effect, buttressing, 8,13-15 affects K eq /H values of crowded compounds, having four or five substituents. In such cases the groups push one another away in the ring plane toward the H, decreasing the space available to the O atom of HMPA. Thus, introducing three methyl groups into 22 to form 8 decreases K eq /H for the H that is meta to both nitro groups from 2.7 to 0.7. K eq /H for H-6 of 29 is only 1/5 that in 30. The difference between 37 and 40 (1,2,3,4-and 1,2,4,5-tetrachlorobenzenes, resp.), 0.34 vs. 0.15, may be an example of buttressing in addition to crowding, since 37 has only one Cl adjacent to each H, while in 40 two Cl's flank each H. Cyano groups, being linear, are unchanged by rotation, and probably little affected by crowding or buttressing. The CF 3 group, being slightly larger than methyl, should be subject to crowding and buttressing, but we have not studied crowded analogs. Table 3 includes several Cl substituted and two F substituted compounds; the order of van der Waals radii is Cl > F > H. [17] [18] [19] Crowding and possible buttressing involving Cl has already been mentioned.
Polar effects
The effect of substituting nitro for H or for a different polar substituent can be substantial. Several examples, detailed in Table 6 , show that a nitro group increases K eq by factors of 4.5 + 1 when replacing H, and by factors of 2.5 + 0.2 when replacing trifluoromethyl. The order of enhancement of C-H H-Bonding appears to be NO 2 > CN > CF 3 > Cl ~ F, the same as that of their Hammett substituent constants σ p in the gas phase, 0.78, 0.72, 0.51, 0.29 and 0.19, respectively. 20 The gas phase should be a better model for CCl 4 solution than H 2 O. In the gas phase, σ m values do not differ greatly from σ p values (for these 5 substituents the largest difference is 0.06 for both F and NO 2 ). One direct comparison of these groups is via the 1,3-disubstituted benzenes 22, 17, and 10, in each of which one H is meta to both substituents; for Cl we will use the 5-H of 1,2,3-trichlorobenzene (42): their K eq /H values are 2.7, 2.3, 0.7, and 0.5, respectively. We may also compare the 1,3,5-trisubstituted analogs 7, 15, 1, and 41, which have K eq /H values of 3.3, 3.1, 0.9, and 0.07, respectively. It was necessary to utilize 7 for this comparison because of the nitro group coplanarity problem. These effects do not depend strongly on whether the substituent is ortho, meta, or para to the H. As already noted, however, nitro may render K eq = 0 for ortho H's. Steric effects complicate the analysis (vide infra).
Limiting shifts
Values of δ c -δ a , "limiting shifts", obtained in this study cover a very large range, from as low as 0.050 to 1.587 ppm. The smallest values are listed in Table 7 . As with K eq 's, many of these need to be corrected statistically. Values of (δ c -δ a )/H, i.e. "δ c -δ a per H" have been calculated by multiplying δ c -δ a by the number of equivalent H's, assuming that when one H is H-bonded, δ obs for an equivalent non-H-bonded H is unchanged. For 25 and 27, values for HMPA have been estimated as described in the footnote to Table 7 . Water (28 mL) was added to the dark, hard, solid mass. After 2 days it was broken up, filtered, and let dry. This solid (13.8 g) was extracted twice with glacial acetic acid at reflux, and the mother liquors concentrated. 14, yellow crystals, 3 crops, yield 23%, 1.79 g, mp 200-210˚ C (1st crop), lit. 23 209-210˚ C.
